ABSTRACT Sensory neurons were dissociated from trigeminal ganglia or from dorsal root ganglia of rats, grown in culture, and examined for expression of properties of pain sensory cells. Many sensory neurons in culture are excited by low concentrations of capsaicin, reportedly a selective stimulus for pain sensory neurons. Many are excited by bradykinin, sensitized by prostaglandin E2, or specifically stained by an antiserum against substance P.
from which methocel and bovine serum albumin were omitted and in which glucose, penicillin, and streptomycin concentrations were reduced by half. Cultures were treated with 10 tkM 1-f3-D-arabinofuranosylcytosine (cytosine arabinoside) during the 4 days after plating to minimize growth of non-neuronal cells.
Dorsal root ganglia from all spinal segments, and superior cervical ganglia, were dissociated and cultures were prepared by a similar procedure.
For histological experiments, sensory neurons were grown on a collagen substrate about 8 mm in diameter.
Electrophysiology. Neurons were studied after growth in culture for 10-35 days. Cultures were placed on the stage of a phase-contrast microscope and continuously perfused with Hepes-buffered medium at 35-37TC. The composition of the recording medium was as described (22) , except that bovine serum albumin and NaHCO3 were omitted; 5 mM Hepes, penicillin (100 units/ml), and streptomycin (100 tkg/ml) were added; and pH was adjusted to 7.4 with NaOH. Conventional intracellular recording techniques were used.
Responses were displayed simultaneously on an oscilloscope and on a chart recorder. The action potentials and fast depolarizing potentials are attenuated in those traces reproduced from the chart record.
Drug Application. Capsaicin (Sigma) was dried from a stock solution in ethanol, redissolved at 10 ,4M in recording medium, and then further diluted. Capsaicin was applied from a micropipette by opening a solenoid valve connecting the micropipette to a reservoir ofnitrogen at 4 psi gauge pressure (23) . To ensure that capsaicin reached the cell soma and all the cell processes, micropipettes with tip outer diameters of 10-25 t.m were used and capsaicin was delivered at several positions above the island. When responses to different concentrations were compared, in each case the capsaicin was applied from a micropipette with a tip outer diameter of about 20 lim.
Bradykinin triacetate (Sigma) in recording medium containing 0.1% bovine serum albumin (fraction V, fatty acid-free; Miles) was applied as described for capsaicin. There was no response when recording medium containing 0.1% bovine serum albumin was applied in this way.
Prostaglandin E2 (Sigma) was dried from a stock solution in ethanol, redissolved at 10 ,uM in recording medium, and then further diluted.
The composition ofthe recording medium containing 50 mM K+ was the same as that of normal recording medium, except for equimolar substitution of KCl for NaCl to increase the K+ concentration.
Statistical Analysis. The mean number of action potentials elicited by the test stimulus in the presence of prostaglandin E2 was compared with the mean number of action potentials elicited in normal recording medium by using the t statistic in a one-tailed test; P < 0.05 was required for significance. 594 Immunologic Staining. Cultures were fixed with 4% paraformaldehyde in 0.1 M sodium phosphate buffer at pH 7.3 and stained by using the unlabeled antibody peroxidase-antiperoxidase method (24, 25) . Sera used were rabbit anti-substance P (Rd2 pooled; provided by S. Leeman), goat anti-rabbit IgG (Sternberger-Meyer) , and rabbit peroxidase-antiperoxidase complex (Sternberger-Meyer) . Details of the procedure have been described (26) . A high proportion (1,214/1,748) of trigeminal ganglion neurons in culture were excited by 0.1 AM capsaicin. The proportion of cells responding would be greater than the proportion ofcells sensitive to capsaicin ifsome cells were excited synaptically, but two lines of evidence suggest that most of the responses to capsaicin were not synaptic potentials. We found that the excitatory responses to capsaicin persisted in recording medium in which the Ca2+ concentration was reduced to 0.28 mM and the Mg2+ concentration was increased to 10 mM. We also tested directly 39 pairs of neurons for synaptic interactions by eliciting short trains ofaction potentials at 0.5, 5, and 10 Hz in one ofthe cells ofeach pair. Action potentials, fast depolarizing potentials, and depolarization were never recorded in the second neuron, although 24 ofthese same neurons were excited by 0.1 ,M capsaicin. Therefore, it seems likely that most ofthe cells excited by capsaicin in trigeminal ganglion cultures were excited directly.
RESULTS

Neurons
Higher concentrations of capsaicin did not elicit action potentials in a larger fraction of the cells. We tested 30 neurons with increasing concentrations of capsaicin, from 1 nM to 10 AM. Eighteen of these cells responded with action potentials or fast depolarizing potentials, and all 18 responded at concentrations of 0.1 AM or lower. Depolarization became increasingly prominent as the amount ofcapsaicin increased; in almost all (17/18) cells it exceeded 30 mV at high concentrations. A typical response to low concentrations was a burst of action potentials and fast depolarizing potentials; a typical response to high concentrations was a burst of action potentials on the rising phase of a prolonged depolarization (Fig. 2) . Two neurons did not respond to capsaicin with action potentials but had relatively large slow depolarizations which increased with the amount of capsaicin applied. Because depolarizing responses to capsaicin without action potentials are common during the first week in culture, these may have been cells that were maturing more slowly than most of the cells in the cultures.
Cells Insensitive to Capsaicin. The same experiment-testing neurons with capsaicin at concentrations from 1 nM to 10 MM-also examined the behavior of cells that did not respond with action potentials to low concentrations ofcapsaicin. Twelve of the 30 cells studied were insensitive by this test. Except for the two cells already described, which may have been responsive to capsaicin but electrically immature, these cells were also relatively unresponsive to high concentrations of capsaicin. Three of the cells did not respond at any concentration of capsaicin, and the other cells had only small slow depolarizing responses which did not increase appreciably with increasing concentration of capsaicin. All of these cells had depolarizations <4 mVwhen 10 ,M capsaicin was applied. The insensitive cells were not desensitized to capsaicin, because the desensitization which may occur after exposure to high concentrations of capsaicin was avoided in this experiment by testing explanation because, in our total sample of 1,748 cells, the proportion of cells that responded did not vary with the resting membrane potential. An inability of the processes to respond to a depolarizing stimulus also cannot account for the insensitive cells because some of these cells gave action potentials when medium with an increased K+ concentration was applied to their processes. We conclude that some cells in trigeminal ganglion cultures are relatively insensitive to capsaicin.
Further evidence that the action ofcapsaicin is selective was obtained in studies of neurons from rat superior cervical ganglion. These neurons were grown in culture under the same conditions, and 20 neurons were tested with 10 ,uM capsaicin. No superior cervical ganglion cell responded with action potentials, fast depolarizing potentials, or depolarization when capsaicin was applied.
Bradykinin. A second physiological marker for some pain neurons is sensitivity to low concentrations of bradykinin. Bradykinin dissolved in recording medium was applied to trigeminal ganglion neurons in the same way as described for capsaicin. A majority (22/39) ofthe cells tested were excited by application of0.1 kuM bradykinin. A slow depolarization, usually lasting for 30-150 sec, was a characteristic response. In most cases, trains of action potentials occurred with the depolarization (Fig. 3) . We cannot exclude that some of the other cells were sensitive because we have not fully investigated the characteristics ofthe response to bradykinin.
Prostaglandin E2. A third physiological marker for some pain neurons is enhancement of the response to test stimuli by low concentrations of prostaglandin E2. To study sensitization of trigeminal ganglion neurons, a test stimulus of recording medium containing 50 mM K+ was applied to the processes. The number of action potentials elicited by K+ in repeated control responses was nearly constant. When added to the recording medium at a concentration of 0.1 &M or less, there was a statistically significant increase in the number ofaction potentials elicited by K+ in about half(9/21) ofthe neurons. The number of action potentials returned to control levels after return to normal recording medium. Spontaneous action potentials were recorded in some cells during exposure to prostaglandin E2.
Substance P. A histochemical marker for some pain neurons is staining with antiserum to substance P. In trigeminal ganglion cultures stained with an antiserum to substance P (unlabeled antibody peroxidase-antiperoxidase method), large numbers of neurons were stained consistently (Fig. 4) . For three platings (in each of which more than 1,000 neurons were scored as stained or unstained) stained neurons accounted for 43%, 45%, and 41% of the total. When the antiserum was absorbed with substance P or when a nonimmune serum was substituted, there was no staining. We conclude that many trigeminal ganglion cells in culture contain substance P or a related antigen. Dorsal Root Ganglia. We carried out similar experiments on cells dissociated from dorsal root ganglia and grown in culture. A large proportion (124/155) of these neurons responded to 0.1 ,uM capsaicin. The responses were excitatory and included action potentials, fast depolarizing potentials, and slow depolarization. When higher concentrations of capsaicin were applied, the same neurons responded with action potentials and with depolarizations >30 mV. Many cells in dorsal root ganglia cultures were excited by 0.1 ,M bradykinin, and many were sensitized by prostaglandin E2 (Fig. 5) . The responses were similar to those seen in trigeminal ganglion neurons. In addition, many Previous studies have provided evidence that sensitivity to capsaicin and to bradykinin, sensitization by prostaglandin E, and content of substance P are properties of pain sensory neurons. Capsaicin sensitivity is perhaps the most specific marker for unmyelinated pain sensory fibers. In rat and cat saphenous nerve, capsaicin excites only unmyelinated fibers (15, 16) . Capsaicin applied to the skin excites only unmyelinated pain fibers, and not other unmyelinated fibers, in the rat saphenous nerve (17) . Capsaicin applied to the skin or injected into the saphenous artery acts selectively on unmyelinated pain fibers, and not on unmyelinated mechanoreceptor fibers, in the cat saphenous nerve (16, 18 ).
An excitatory action of capsaicin on sensory neurons in culture has not been reported. One report described a hyperpolarization and a lengthening ofthe action potential plateau -when 0.3 mM capsaicin was applied to rat and chicken dorsal root ganglia neurons in culture (27) .
In contrast to the physiological studies, studies ofthe toxicity of capsaicin have led to the conclusion that it may not be useful as a selective marker for pain sensory neurons. When high concentrations of capsaicin are administered to newborn animals, there is a permanent decrease in the number ofsensory ganglion cells, an almost complete loss of unmyelinated sensory -fibers, and a loss ofsome myelinated sensory fibers (28, 29) . The extent of damage to sensory fibers in these experiments implies that not only pain sensory neurons but also sensory neurons with other physiological functions are affected. Thus, both a selective physiological action of capsaicin in adult animals and a less selective toxicity of capsaicin in newborn animals are clearly established. The two results can be reconciled if, early in development, most unmyelinated. sensory fibers are transiently sensitive to capsaicin and perhaps express other pain properties or if capsaicin toxicity and excitation by capsaicin involve separate mechanisms.
Bradykinin activates unmyelinated and thinly myelinated pain fibers in cutaneous nerves of the cat (7). It excites fibers with similar properties, which are probably pain fibers, in muscle nerves of the cat and the dog (8, 9) . Myelinated sensory fibers from hair follicles, pacinian corpuscles, muscle spindles, and Golgi tendon organs are not appreciably excited by bradykinin (7, 8) . However, bradykinin is somewhat less selective than capsaicin because it activates some myelinated mechanoreceptor fibers and some unmyelinated mechanoreceptor fibers in addition to pain fibers (7).
Prostaglandin E2 sensitizes some unmyelinated fibers in cat plantar nerve to painful stimulation with. noxious heat, and it sensitizes some unmyelinated fibers in cat muscle nerves to painful stimulation with bradykinin (10, 11) . Prostaglandin E1, which is structurally like prostaglandin E2, has similar effects (10) . Prostaglandin El also sensitizes some thinly myelinated fibers in rat saphenous nerve to moderate mechanical stimulation (12) . Some fibers that are sensitized by prostaglandin El are slowly adapting mechanoreceptor fibers (12, 13) . Thus prostaglandin E1 and prostaglandin.E2, although important in sensitization of pain fibers, are probably not more selective than bradykinin.
Substance P has been proposed as a marker for some pain sensory cells. Substance P or a similar compound is present in some neurons located in the dorsal root ganglia and in the trigeminal ganglion (30) . The processes of these neurons are unmyelinated and have a distribution similar to that ofpain sensory fibers in the spinal cord and in the brainstem (30) (31) (32) (33) . Substance P is released in the spinal cord by stimulation of sensory nerves (34, 35) , and substance P applied iontophoretically increases the activity ofneurons in the spinal cord and brainstem that receive input from pain sensory neurons (36) (37) (38) . The evidence that substance P is a transmitter for certain pain sensory neurons has been reviewed (19) .
Substance P has been identified previously in chicken dorsal root ganglia cells in culture (39, 40) .
Capsaicin sensitivity and content of substance P have been proposed as specific markers for unmyelinated pain fibers,-but it is not known whether these markers are expressed together in all pain sensory cells. It can be estimated from fiber counts (41) and.from physiological studies (4, 17, 42 ) that 30-50% of all sensory fibers in the rat are unmyelinated pain fibers and that most or. all of these are sensitive to capsaicin (4, 17) . In contrast, only about 20% of sensory neurons stain for substance P (30) . In our cultures the fraction of cells sensitive to capsaicin also is larger than the.fraction of cells staining for substance P.
One interpretation of these results is that some unmyelinated pain fibers do not contain substance P. Another possible interpretation is that all unmyelinated pain fibers contain substance P but that immunologic staining is not sensitive enough to -detect all cells in sensory ganglia which contain substance P. In favor of the second interpretation, all unmyelinated pain fibers Neurobiology:. Baccaglini-and Hogan in the rat saphenous nerve release one or more compounds that can produce local inflammatory changes in the surrounding tissue (42) . Substance P is currently considered the most likely mediator of this neurogenic inflammation (43) (44) (45) . However, it remains possible that some unmyelinated pain fibers contain and release other peptides, either alone or together with substance P.
The fraction of cells in culture that are excited by capsaicin is larger than the fraction of sensory fibers in the rat that are excited by capsaicin. Likewise, the fraction of cells in culture that stain with antiserum to substance P is larger than the fraction that stain in the animal. This result suggests that a relatively large fraction of sensory neurons are able to express pain properties early in development, if it is assumed that the cells surviving in culture are a representative sample of the cells in the ganglion. An alternative possibility, however, is that pain sensory cells survive preferentially in our culture conditions.
We set out to determine whether characteristics of pain sensory neurons are expressed in culture. Previous studies indicated that capsaicin sensitivity is a marker for unmyelinated pain fibers. We have found that many neurons in rat trigeminal ganglion and dorsal root ganglia cultures are excited by low concentrations of capsaicin. Furthermore, in common with some pain sensory neurons, many neurons in culture are sensitive to low concentrations ofbradykinin, are sensitized by prostaglandin E2, or stain with an antiserum to substance P. These sensory neurons in culture which express characteristics of differentiated pain sensory cells are likely to be useful in studying the neuronal mechanisms involved in pain.
